This study reviews the development of fabrication processes for silicon nitride ceramics with excellent mechanical properties, such as high fracture strength and fracture toughness. Silicon nitride ceramics with high wear resistance and thermal conductivity have been produced by tuning their composition and utilizing highly efficient processing techniques. The nitridation behavior of silicon powder in the presence of Zr compounds has been studied in order to assess the nitridation enhancement effect of zirconium during formation of reaction bonded silicon nitride. Thermogravimetric analysis has revealed that the addition of ZrO 2 to Si powder reduces the temperature of the main nitridation reaction. It is possible to produce reaction-bonded silicon nitride using a rapid nitridation technique with a heating rate of over 5°C/min, which is 80 times higher than that for the conventional reaction bonding process. A nitridation enhancement effect has also been observed with the addition of some rare-earth oxides. The reaction bonding process has been used to fabricate high-thermalconductivity silicon nitride ceramics with a relatively short processing time. Si 3 N 4 /carbon fiber composites have been developed using randomly dispersed high-tensile-modulus carbon fibers. The aligned silicon nitride grains and short carbon fibers in the composites result in both high fracture strength and toughness and a low friction coefficient under dry and water sliding conditions. The mechanical properties of the composites are anisotropic with respect to the grain alignment, with both strength and toughness being highest parallel to the extrusion direction. In this direction, the seeded specimen, with both silicon nitride grains and carbon fibers aligned, has higher fracture toughness and higher fracture strength than those of the non-seeded specimen, with only fibers aligned.
Introduction
Silicon nitride ceramics have properties that make them suitable candidates for a number of industrial applications. 1)4) In the machinery industry, such ceramics are generally used where the tribological environment or metal casting conditions are severe. In the 1990s, various microstructure control techniques were studied for achieving high strength and high fracture toughness, 5)8) and materials with a strength of over 2 GPa were developed. 9) More recently, the trends are towards the development of lowcost fabrication processes 10)12) and achieving a high degree of functionalization, such as high thermal conductivity, 13 )26) good wear properties, 27) , 28) and high thermal shock resistance, 29) , 30) instead of striving for high strength and fracture toughness through microstructure control. The purpose of research and development is to improve some function for a practical application. This paper reviews research on silicon nitride ceramics for enhancing their practical applications.
Sintered reaction bonding process with rapid nitridation technique
Among approaches for sintering silicon nitride, the sintered reaction bonding process has several advantages. First, many forms of the raw material, silicon powder, are commercially available, whereas the availability of highgrade silicon nitride powder is very limited. Second, the firing shrinkage after sintering is smaller than that for the conventional process using silicon nitride powder as the raw material, making precise shape control possible when fabricating large components.
31)33)
The sintered reaction bonding process (sRBSN) is thus widely used for fabricating components for which lowering the cost of raw materials and net shaping are the most important issues. This process is typically divided into two steps. In the first step, the nitridation process is applied to a green silicon powder compact at around 1400°C (near silicon's melting temperature). In the second step, a post-sintering process is applied to a nitrided compact at a higher temperature (e.g., 17001900°C), which is the same as the conventional sintering temperature. In the nitridation process, the reaction between silicon and nitrogen is exothermic. The rapid nitridation of silicon often leads to melting of the silicon prior to the completion of nitridation. Therefore, nitridation generally needs to be conducted with sensitive temperature control, under which the melting of silicon can be restrained. This leads to a very long processing time.
Many researchers have used a catalyst to allow the nitridation of silicon at lower temperatures. 34)37) Iron is the most popular catalyst for enhancing the nitridation of silicon and is generally an impurity in low-purity silicon powder. However, when dense silicon nitride ceramics are required to be fabricated using a reaction bonding and post-sintering process, remaining iron compounds produce fracture defects, which reduce fracture strength. The catalytic effects of other metals and oxides, such as chromium, calcium, copper, and silver, on the nitridation of silicon have also been investigated. 36) Recently, it has been reported that zirconia is an effective catalyst for the nitridation of silicon powder, 38)43) and that, with some suitable oxide additives, an almost 100% dense nitride compact with good mechanical properties is formed after the postsintering process. 41 ),44)47) Silicon nitride is formed from the following reaction between silicon and nitrogen:
This reaction indicates that when full nitridation is achieved, the mass of the nitrided compact will be about 1.665 times the original mass of the silicon. Figure 1 shows the nitridation behavior as a function of temperature for silicon (average particle size: 1¯m) with 15.65 mass % ZrO 2 (average particle size: 0.03¯m) powder compared with that of pure silicon powder (10 mass % of the fully nitrided silicon powder, provided that the initial silicon powder fully reacted to form silicon nitride). The degree of nitridation was calculated from the weight change obtained from thermogravimetric (TG) analysis of the mixed powders heated up to 1400°C at a rate of 20°C/min under nitrogen flow. For the pure silicon powder, an increase in weight began at a temperature of about 957°C and a rapid weight gain occurred at around 1365°C. For the silicon with 15.65 mass % ZrO 2 (Si10Z) powder, the initial weight gain step was similar, at about 952°C, and thus ZrO 2 addition did not influence the onset temperature for weight gain. However, the starting temperature of the main weight gain step was clearly lower than that for the pure silicon powder, occurring at around 1310°C. The detailed data shown in the inset of Fig. 1 show the weight gain in the temperature range of 1380 to 1400°C, which was the main weight gain regime, for both powders. Silicon with ZrO 2 powder showed a slightly higher weight gain rate in this temperature regime. Figure 2 shows the nitridation behavior of pelletized powder compacts as a function of heating rate for samples of silicon with ZrO 2 (Si average particle size: 1¯m; 15.65, 10 mass % of the fully nitrided silicon powder, provided that the initial silicon powder fully reacted to form silicon nitride) and pure silicon, which were heated up to 1400°C. The range of heating rate where melted silicon was observed is indicated for each sample. A sufficient nitridation degree of approximately 95% without melted silicon was achieved with a rapid heating of 12.5°C/min for the compacts of silicon with ZrO 2 . Approximately 95% was the maximum degree of nitridation obtained in the series of experiments on silicon nitridation; it can be assumed to be full nitridation because of the volatilization of silicon during the nitridation process and the oxide layer on the surface of the initial raw silicon powder. For the pure silicon compacts, the heating rate had to be reduced to as low as 0.15°C/min to obtain this degree of nitridation without silicon melting; this means that the former press is 80 times faster than the latter one. The electric power consumption for nitridation is reduced by about 80% by ZrO 2 addition compared to that for pure silicon. Journal of the Ceramic Society of Japan 126 [12] 968-976 2018
JCS-Japan Figure 3 shows X-ray diffraction (XRD) patterns for samples of silicon with 3 mol.% Y 2 O 3 -stabilized ZrO 2 (3YZrO 2 ) nitrided at 1200, 1300, and 1375°C, and the mixed powder compact. Peaks attributed to silicon were clearly identified for the mixed powder compact and the samples nitrided at 1200 and 1300°C, but not for the sample nitrided at 1375°C, indicating complete nitridation of silicon at this temperature. For the sample with 3Y ZrO 2 , the tetragonal zirconia phase added to the starting powder almost completely transformed into ZrN during the nitridation process for temperatures up to 1200°C. Furthermore, at temperatures of 1300°C or higher, the tetragonal zirconia phase appeared. At a temperature of 1375°C, the peaks attributed to ZrN disappeared. Figure 4 shows XRD patterns for samples of silicon with ZrO 2 or ZrN produced at a nitriding temperature of 1300°C. Despite the different added zirconium compounds, the crystalline phases were similar, irrespective of the peak intensity. This means that ZrO 2 and ZrN transformed into each other under this nitridation condition. Possible reactions for the formation of ZrN during the nitridation process are as follows:
ð 3Þ During nitridation heating, the added zirconia inside the powder compact forms ZrN via either or both of the above reactions. Weiss et al. 48) investigated SiZrAlO N phase equilibria. ZrN was found to react with SiO 2 and N 2 to form ZrO 2 and Si 3 N 4 at 1400°C. This implies that the formed ZrN acts as a nitrogen source for nitridation at temperatures of around 1400°C, according to the following reactions:
! 6ZrO 2 ½sl þ 2Si 3 N 4 ½s ð 5Þ Figure 5 shows a schematic diagram of the nitridation behavior of silicon with ZrO 2 . Because the nitridation and resultant densification proceed preferentially around the surface area of the powder compact, it is difficult to supply nitrogen gas to the center of the compact to convert silicon to silicon nitride. With zirconia addition, nitridation is promoted via the formation of ZrN inside the green compact at lower temperatures. The ZrN phase is produced at below 1200°C, as already noted. The ZrN reacts with oxygen and transforms back into ZrO 2 , while the produced SiO gas forms silicon nitride by reacting with nitrogen, releasing oxygen. It is thought that the transformation into ZrN [reaction (2) or (3)] and then the conversion back to ZrO 2 [reaction (4)] can occur reciprocally, with nitridation being promoted by this circulating reaction mechanism. After the unreacted silicon has disappeared, the amount of ZrO 2 is increased and the amount of ZrN is decreased due to the termination of reaction (3). This is consistent with the XRD results. The nitridation behavior of silicon is substantially affected by the particle size in the silicon powder and zirconia powder. 39 ), 41) When only ZrO 2 is added as a sintering additive for the densification of silicon nitride ceramics, densification is slow for gas-pressure sintering of silicon nitride. Therefore, magnesium aluminate (MgAl 2 O 4 ) has been added together with zirconia to lower the melting point of the grain boundary glassy phase and enhance liquid phase sintering during the post-sintering process after nitridation. 40 ) Figure 6 shows the degree of nitridation as a function of temperature (heating at 10°C/h from 1100°C to a specific temperature and cooling without soaking) for the nitridation of pure silicon and silicon with 7.825 mass % ZrO 2 and 7.825 mass % MgAl 2 O 4 (the mass of these additives corresponds to 10 mass % when the starting silicon is completely nitrided to silicon nitride). The degree of nitridation was calculated from the weight difference before and after nitridation of the green compacts. The green compact mixed with ZrO 2 and MgAl 2 O 4 showed greatly enhanced nitridation in the low-temperature regime compared to that for pure silicon; the degree of nitridation at 1375°C was 95.2% for the former and 86% for the latter. These results indicate that, similar to the case of silicon with zirconia, the addition of zirconia and magnesium aluminate enhanced the nitridation of silicon at lower temperatures. It should be noted that silicon nitride made from silicon using this process has a fracture strength of 850 MPa, which is slightly higher than that of silicon nitride made from ¡-Si 3 N 4 powder (840 MPa). The other properties, including fracture toughness, Young's modulus, and Vickers hardness, are similar for both ceramics, indicating that mechanical properties equivalent to those of a gas-pressure-sintered material made from high-purity ¡-Si 3 N 4 powder can be obtained via a sintered reaction bonding route using the rapid nitridation of silicon powder.
It has been reported that the mechanical properties of silicon nitride ceramics fabricated via the sRBSN process usually are not as good as those of silicon nitride ceramics prepared using the conventional gas-pressure sintering process. Kita et al. 49) reported that the strength of silicon nitride fabricated using the sRBSN process was about 520 MPa. Kondo et al. 50) reported that silicon nitride obtained using the sRBSN method had a strength of approximately 500 MPa and a fracture toughness of 4.2 MPa m 1/2 . Lee et al. 51) reported that silicon nitride prepared using the sRBSN process had a strength of 865 MPa, but the nitridation process took a long time (20 h) at 1410°C using a flowing N 2 10% H 2 mixed gas. Nevertheless, as mentioned above, when a ZrO 2 MgAl 2 O 4 additive system was used, rapid nitridation could be achieved and the sintered silicon nitride had a strength higher than 850 MPa. This additive system was superior compared to other additive systems. This rapid nitridation technique with zirconia addition can also be adopted for the fabrication of ¢-SiAlON ceramics.
42), 43) In addition, almost all rare-earth-oxidedoped silicon powders exhibit a nitridation enhancement effect. Among rare-earth oxides, the addition of CeO 2 and Eu 2 O 3 to silicon powder caused the largest reduction of the temperature of the main nitridation reaction and the highest increase in the amount of silicon converted to silicon nitride at a given temperature. 52) In addition, the sintered reaction bonding process enhances the thermal conductivity of Si 3 N 4 ceramics. 53) 55) The most important approach for improving the thermal conductivity of Si 3 N 4 ceramics is to remove lattice oxygen 56) by enhancing grain growth via the solutionreprecipitation mechanism by sintering using high-purity Si 3 N 4 powder. Sintering must be carried out at a high temperature for a long period of time. Although the thermal conductivity is improved, the material develops a coarse microstructure that decreases the fracture strength. For the Si 3 N 4 starting powder, even top high-purity commercial powder with good sinterability contains over 1 wt % oxygen on the surface and in the lattice, which limits the attainable thermal conductivity of Si 3 N 4 ceramics. In order to achieve higher thermal conductivity, a starting powder containing less oxygen must be used. With this consideration, Hayashi et al. reported that high-thermalconductivity silicon nitride ceramics could be obtained by using MgSiN 2 and Yb 2 O 3 instead of MgO and Y 2 O 3 as sintering additives, respectively. 57) The reaction bonding process is an easy solution to this issue because silicon powder is widely commercialized and various grades of silicon powder are available. Since silicon is used as a semiconductor material, high-purity silicon powder with few oxygen and metallic impurities is easy to obtain. High-purity Si powder containing 0.28 wt % oxygen with a mean particle size (d 50 ) of 8.5¯m was used as a starting material, and a mixture of Y 2 O 3 (2 mol %) and MgO (5 mol %) was used as the sintering additive.
58) The observed increase in thermal conductivity was attributed to a reduction of the lattice oxygen content of Si 3 N 4 ceramics via a reaction bonding route. For a given soaking time, the lattice oxygen content of Si 3 N 4 ceramics fabricated from Si 3 N 4 powder and Si powder was 0.033 and 0.017%, respectively, and the thermal conductivity was 133 and 154 Wm ¹1 K
¹1
, respectively. Rapid nitridation is a highly efficient process for fabricating silicon nitride ceramics. In addition, this method can be used to easily obtain silicon nitride ceramics with thermal conductivities of over 150 Wm ¹1 K ¹1 , including silicon nitride with the highest reported thermal conductivity of 177 Journal of the Ceramic Society of Japan 126 [12] 968-976 2018
As a reference, Table 1 shows the thermal conductivities of various silicon nitride ceramics without an aligned microstructure, reported by the co-authors and other researchers. Various additive systems and processes have been reported. As mentioned above, a thermal conductivity of 177 Wm ¹1 K ¹1 is the highest value obtained for isotropic silicon nitride ceramics. The reaction bonding process is thus the best method for controlling the thermal conductivity of silicon nitride ceramics. Silicon nitride ceramics with anisotropic microstructures are expected to have even higher thermal conductivities. Hirosaki et al. estimated the theoretical thermal conductivity along the c-axis for a ¢-silicon nitride crystal to be over 400 Wm ¹1 K ¹1 . 59) Recently, an anisotropic microstructure fabricated using a high-magnetic-field aligning process was reported, with silicon nitride ceramics fabricated using graphene as the magnetic field receiver showing high thermal conductivity 60) along the c-axis.
High functionalization of silicon nitride ceramics
In the machinery industry, ceramics are generally used where the tribological environment is severe. Ceramics could be used in tribological applications with nonlubricated or tentatively lubricated sliding, such as mechanical seals and bearings. In engineering ceramics, silicon nitride has good mechanical properties, with high fracture strength and fracture toughness. In tribological applications, Si 3 N 4 ceramics have been used as ball components of various bearing systems under lubricated conditions. 61) However, sliding contact of Si 3 N 4 Si 3 N 4 selfmated tribopairs under dry conditions is associated with a high friction coefficient and low wear resistance because the abrasive wear is affected by the intrinsic brittle nature of the ceramics. 62) Therefore, various attempts have been made to fabricate Si 3 N 4 -based ceramics with solid lubricant properties. Many researchers have reported composites with self-lubricants such as graphite, BN, and molybdenum-related materials.
63)68) Graphite has a layered structure with weak van der Waals bonding between the layers (sp2) and thus separates easily under shear, resulting in a solid lubricant effect. In graphite, carbon fibers provide a solid lubricating effect and a toughening effect.
The properties of carbon fibers, in particular their tensile modulus, are determined by the amount of graphite in the carbon fibers and by the degree of orientation of the graphite layered structure. These properties should thus affect the solid lubricant properties of composite materials. Raman spectra can reveal the graphite content. Hightensile-modulus fibers have high graphite contents, and have thus been used as a self-lubricating medium.
The properties of carbon fibers reflect the graphite content. Si 3 N 4 /short carbon fiber composites were fabricated using carbon fibers with various tensile modulus values (i.e., various graphite contents). 69) Carbon fibers with tensile modulus values of 350, 550, and 1000 GPa, respectively, were used. Optical microscopy images of the fabricated composites are shown in Fig. 7 . Every composite has a microstructure with dispersed short carbon fibers, whose lengths are several hundred micrometers.
A tribological measurement was carried out using the pin on a disk method 70),71) under dry sliding conditions. Figure 8 shows the variation of the friction coefficient with sliding distance for composites with short carbon fibers with various tensile modulus values along with that for monolithic Si 3 N 4 ceramics. For all composites, the friction coefficients are initially high (short distance), and then enter a running-in period and decrease with sliding distance. After this running-in period, the friction coefficient for each composite depends on the tensile modulus of the fibers. The friction coefficient for the composite with low-tensile-modulus (CL) fibers decreased to about 0.4 but then gradually increased before plateauing at about 
69)
Hyuga: Development of efficient fabrication processes for highly functional silicon nitride ceramics: a review 0.7. This friction coefficient was very close to that for monolithic Si 3 N 4 ceramics. For the other two kinds of composites, the friction coefficient decreased to about 0.2 after the running-in period. However, the friction coefficient of the composite with the middle-tensile-modulus (CM) fibers gradually increased, reaching about 0.3 at the end of the test. In contrast, the composite with the hightensile-modulus (CH) fibers maintained a constant friction coefficient of about 0.2 throughout the duration of the test. This behavior was attributed to the amount of graphite in the carbon fibers. Figure 9 shows Raman spectra of the worn surfaces of Si 3 N 4 ball counter-bodies sliding against monolithic Si 3 N 4 and Si 3 N 4 /short carbon fiber composites. There are no peaks in the spectrum of the worn surface of the Si 3 N 4 ball counter-body sliding against monolithic Si 3 N 4 . The spectrum of the worn surface of the Si 3 N 4 ball counter-body sliding against the Si 3 N 4 /CL short carbon fiber composite shows only one peak, which is attributed to the D-band, at about 1330 cm ¹1 . The Raman spectra of the worn surfaces against the Si 3 N 4 /CM and CH short carbon fiber composites show two peaks, which are respectively attributed to the G-band structure at 1575 1580 cm ¹1 and the D-band at 1330 cm
The intensity of the graphite peak increased with increasing tensile modulus of the fibers. The presence of a graphite transfer layer, which lubricated the surface of the counter-body, explains the beneficial lubricating effect for the composites. 72) In particular, for the CH fibers, it was easy to remove individual graphite layers because the bonds between the parallel layers are weak compared with the strong covalent bonds in the basal plane; these properties are the same as those for crystalline graphite.
The fiber content is also an important factor affecting the tribological properties under dry sliding conditions. The friction coefficient for the composites was around 30% of that for monolithic Si 3 N 4 when at least 5 vol.% of CH fibers was added. Figure 10 shows the friction coefficients of carbon fiber composites with various carbon fiber content levels. A fiber content of 5 vol.% was sufficient to maintain the self-lubricated graphite effect during the sliding tests, and the friction coefficient did not decrease with a further increase in fiber content. 73) Under lubrication, this composite also has attractive properties. Siliconbased non-oxide ceramics, such as Si 3 N 4 and SiC, exhibit ultra-low friction behavior under water lubrication. 74 ), 75) However, in the initial stage of the friction test, the friction coefficient was not immediately low and stable. The time (distance) required to reach an ultra-low friction state was long because of the high stress applied at the real contact point. Figure 11 shows the friction coefficients for the composite containing 5 vol.% CH short fibers and for monolithic Si 3 N 4 ceramic under water lubrication. The friction coefficient for the composite immediately decreased for a short sliding distance and remained ultra-low and stable during the sliding test. For the monolithic Si 3 N 4 ceramic, the friction coefficient was not stable and no ultra-low friction state was exhibited under these test conditions. Si 3 N 4 ceramics need a longer distance to reach an ultra-low friction state than the composite. This suggests that adding graphite into Si 3 N 4 ceramics is an effective method for reducing the distance required to reach an ultra-low friction state under water lubrication and dry sliding conditions. 
73)
Journal of the Ceramic Society of Japan 126 [12] 968-976 2018 Although this composite had high fracture toughness, its fracture strength was low. To solve this problem, both the Si 3 N 4 grains and short carbon fibers were given a texture in one direction using extrusion and a seeding method. Figure 12 shows the microstructure of the composite with aligned elongated Si 3 N 4 grains and short carbon fibers. The images of the side planes (s-planes) along the extrusion direction of the specimen clearly show that the carbon fibers were aligned along the direction of extrusion. In the normal planes (n-planes) perpendicular to the extrusion direction of the composites, only the spherical ends of the fibers were observed, indicating that they were almost aligned along the extrusion direction.
77)
The sizes of the Si 3 N 4 grains were also different between the seeded and non-seeded composites. In the seeded material, the length of the elongated Si 3 N 4 grains was greater than 100¯m, whereas in the non-seeded composite, the elongated Si 3 N 4 grains were only a few tens of microns in length. This composite had both high fracture strength and high fracture toughness along the direction parallel to the elongated Si 3 N 4 grains and the short carbon fibers and exhibited excellent tribological properties. 78) 
Conclusion
Silicon nitride ceramics have excellent mechanical properties, such as high fracture strength and fracture toughness. Silicon nitride ceramics with high wear resistance and high thermal conductivity can be produced by tuning their compositions and utilizing highly efficient processing techniques. The reaction bonding process is an attractive method due to its high functionalization and high efficiency for realizing energy consumption savings. Future studies on silicon nitride ceramics should focus on adding attractive properties, such as high thermal conductivity, high thermal stability, and high wear resistance, while maintaining good mechanical properties. 
